Observations indicate that large-scale anomalies exist in the fluctuations of the cosmic microwave background. In these anomalies, the hemispherical power amplitude asymmetry has a correlation length comparable to that of the observable universe. We propose that a topological defect created by spontaneous breaking of the U(1) symmetry prior to inflation generated an initial phase variation, δθ, across the observable region of the universe. The amplitude of this phase fluctuation is protected by topology if the defect is inside the horizon, and is frozen by causality if the defect exits the horizon. After inflation, the phase-corresponding boson field started to oscillate, when the Hubble rate decreased to a level comparable to the mass of the boson field. The energy density of the newly created boson particles varied across the observable universe. The bosons subsequently decayed into radiation prior to the BBN epoch, and the resulting fluctuations in the energy density produced the observed power asymmetry. This scenario predicts a scale-dependent modulation amplitude power asymmetry and in addition, as topological defects created by phase transitions are a very general phenomenon, the observed hemispherical asymmetry may be seen as an evidence for the cosmological inflation.
I. INTRODUCTION
Observations of the cosmic microwave background (CMB) are consistent with the inflation paradigm, especially at small scales. In this paradigm [1] [2] [3] , quantum fluctuations seed cosmic structures, and the predictions of this theory agree well with the observations [4, 5] . However, measurements from the Wilkinson Microwave Anisotropy (WMAP) and the PLANCK mission indicate that there are large-scale anomalies, in which the hemispherical power asymmetry has a correlation length comparable to the observable universe [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The hemispherical power asymmetry can be written as:
wheren is a unit vector of the observed direction,p is the preferred direction of the asymmetry and A = 0.072±0.022 as determined from the WMAP and the PLANCK mission [16] [17] [18] on large scales. On small scales (l = 601 − 2048), A < 0.0045 which suggests a strong scale dependent property [19] [20] [21] [22] . There are proposals that may explain the asymmetry such as etc.
The standard inflation theory proposes that the universe experienced a period of exponential expansion, and therefore the observable universe was once a region within a horizon, with an causal contact established. The spatial curvature and exotic-relics such as the magneticmonopoles etc. were diminished by inflation. Thus the universe today is smooth, flat and homogeneous. In addition, quantum fluctuations created the primordial density fluctuations which caused the current cosmic structures. The predictions of the theory agree well with the observations, but the large scale anomalies in the CMB suggest that refinements are needed.
In this paper, we propose that a topological defect, produced by spontaneous symmetry breaking prior to inflation, produced the observed power asymmetry.
The creation of topological defects by phase transitions is a common phenomenon in field theory and in condensed matter physics [47] [48] [49] [50] [51] [52] [53] [54] [55] . Let us consider here a simple complex scalar field with a U(1) symmetry potential plus a mass term. The U(1) symmetry of the complex scalar broke spontaneously prior to inflation, and string-like topological defects, with a typical phase variation ∆θ = 2π around the defects, were created. Part of the variation δθ was located in the region that evolved to become the current observable universe (see Fig.1 ). As the δθ variation is protected by topology if the defect is within the horizon and is frozen by causality if the defect exits the horizon, the variation remains a constant through inflation. After inflation, and when the Hubble rate of the universe decreased to comparable to the mass of the phase corresponding boson field, the field rolled toward its minimum and started to oscillate. Thus a condensate of boson particles with a primordial density variation was created. The bosons later decayed into radiations and the variation of the boson particles generated the observed hemispherical power asymmetry.
In this scenario, as in the curvaton case, one additional quantum field besides the inflaton played an important role in the formation of CMB power spectrum. However, the new introduced U(1) symmetry of the field plays an essential role in the formation of the power asymmetry. The spontaneous symmetry breaking created topological defect naturally generated the required primordial field amplitude asymmetry. In addition, the resulted power asymmetry is scale-dependent which is preferred by recent cosmological observations.
II. INFLATION AND PRIMORDIAL DENSITY PERTURBATION
The single-field inflation theory [56] predicts that the energy density of the universe was dominated by the inflaton field φ. When the potential energy of the inflaton dominates over its kinetic energy, the expansion rate of the universe is accelerated, which solves many puzzles in the big bang theory. To achieve this scenario, the potential of the inflaton field
where
GeV is the Planck mass. The universe experienced a period of exponentially expanse a(t end )/a(t begin ) ∼ e N where a(t) is the scale factor and N ∼ 60.
The primordial density fluctuation that is responsible for the structure formation is due to the quantum fluctuations of the inflaton. Considering only the linear scalar perturbations, the perturbed Friedmann-Robertson-Walker (FRW) spacetime can be parameterized by the Newtonian potential Ψ and the spatial curvature perturbation Φ as follows:
As the anisotropic stress is negligible [57] , we have Φ = Ψ. The power spectrum of gravitation potential is defined as:
As the inflation paradigm predicts that the power spectrum will be isotropic, and addi- tionally, physical processes occurring after inflation should have a correlation length smaller than the size of the observable universe, the existence of a hemispherical power asymmetry across the observable universe is unexpected. A cosmic structure created by a spontaneous symmetry breaking prior to inflation giving rise to the observed power asymmetry appears to be a reasonable solution. In the following discussions, we propose a scenario in which the observed CMB asymmetry is a remnant from a pre-inflationary string-like topological defect of a boson field.
III. PSEUDO-GOLDSTONE BOSONS AND STRING-LIKE TOPOLOGICAL DE-FECTS
We now consider a complex field, τ , with a U(1) symmetry potential plus a potential term, V . The relative Lagrangian is:
where λ and η are positive parameters and θ is the phase angle of the complex field τ . The U(1) symmetry is spontaneously broken and τ acquires a vacuum expectation value,
The V (θ) term gives rise to a mass m σ to the Goldstone boson thus it becomes a PseudoGoldstone.
The Lagrangian receives additional contributions from a non-zero temperature therefore when T > T c ∼ η [47] , the minimum of the potential is at τ = 0, and the U(1) symmetry is restored. As in this paper, the U(1) symmetry is spontaneously broken prior to inflation, we have: T I ∼ H I /(2π) [58] , and η > H I /(2π).
Immediately after the U(1) symmetry is broken, the new created Pseudo-Goldstone bosons satisfy:
where the mass term is negligible during this era. For the modes with a comoving wave length 2π(k/a) −1 ≫ H −1 , the last term of Eq. (5) is negligible, therefore the solution is σ( k, t) ∼ σ( k) which is often referred as "frozen by causality". For the modes with a comoving wave length 2π(k/a) −1 ≪ H −1 , the modes oscillate with a decreasing amplitude, thus sub-horizon fluctuations are typically diluted due to inflation.
If topological defects appear, the fluctuations can be protected by the topology. Let us consider the cosmic strings created by the breaking of the global U(1) symmetry. After the spontaneous symmetry breaking, the phase angle θ varies around a closed loop if a defect appears inside the loop. The total change of the phase around a closed loop is 2π when the system is in the lowest energy state. Using the cylindrical coordinates, the field configuration around a cosmic string can be written as: τ = ηe iθ , for r > r core where r core ∼ λ −1 η −1 is the radius of the string core. The amplitude of the field is substantially different from η only within the string core. Thus the energy per unit length of the string is µ ∼ 2πη 2 ln(R/r core ) [47] , where the radius R is the typical distance between adjacent strings.
IV. THE INITIAL FLUCTUATION
We now consider a scenario where a string-like topological defect was created prior to inflation and near the region which evolved to the observable universe. The initial phase amplitude fluctuation in the region is (see Fig.1 ):
where α , and l are parameters shown in Fig.1 . For the region x ≪ l, y ≪ l, we have:
where k = (1/l, 0, 0) in the reference frame, σ a = η, and Σ = αη. Since
the perturbation is dominated by the normal modes with wavelengthes
which is scale dependent with a pivot scale l. As the universe expands, the wave lengthes of the perturbations expand as 1/k ∝ a(t). The amplitude of the perturbation ∆θ remains constant as far as the topological defect is inside the horizon. After the defect exits the horizon, the wave lengthes of the dominant modes stretch to super-horizon, and thus their amplitudes are frozen by causality according to Eq.(5).
After inflation, the universe is reheated and is dominated by radiations. As the universe expands, the Hubble rate decreases. When H ∼ m σ , the Pseudo-Goldston field σ rolls to its minimum so a cold condensate with a primordial fluctuation ∆σ = ∆θη across the observable universe is created. The topological defect is well outside the observable universe. A domain wall could be created at θ = 0 [47] . As we consider small fluctuations so ∆σ/Σ < 1, therefore ∆θ < α and thus the domain wall is outside the observable universe as well.
As the super-horizon wave vector | k| ≪ H m σ , the σ particles behave as non-relativistic matter. The energy density ρ σ decreases proportional to a −3 . The dominant energy density ρ, which is radiation, decreases proportional to a −4 . Therefore ρ σ /ρ ∝ a, which implies that the energy density portion due to the σ field grows before it decays to relativistic particles.
The σ particles decay into radiation before the standard big bang nucleosynthesis (BBN) era in order to retain the success of the BBN. In this paper we consider only the standard particle decay scenario, so the decay rate of the σ particle is:
where g is a model dependent factor which we take it order of one in the following discussions.
Therefore we have
where g * ≈ 10.8 and T B ≈ 1MeV are the effective degrees of freedom of the radiation and the temperature at the BBN era respectively [59] . Let us assume η = 2T c ∼ 2.8 × 10 13 GeV, then we have a weak boundary of the mass m σ 16.4GeV. In addition, the energy density of the σ particles at time t just before their decay is:
where t 1 ≈ 1/m σ is the time that the σ field starts to oscillate and t ≈ 1/Γ is the lifetime of the σ particles. The total energy density at time t is:
where t B ∼ H −1 B ∼ 1.5s is the time of the BBN era. Combining Eq. (12) and Eq. (13), gives the energy density ratio:
after the σ field decays. To preserve the homogeneity of the observable universe, ρ σ /ρ ≪ 1, therefore, we have a stronger constraint: m σ 20TeV.
V. THE POWER ASYMMETRY
We now consider the perturbations in the CMB due to the σ bosons. . Well after inflation and the era H ∼ m σ , the field starts to oscillate. The energy density of the σ field is:
whereσ means the amplitude of the oscillation. Sinceσ ∼ η ≫ H I , the field perturbation is small and thus the energy density contrast is
where we have used the condition that the quantum fluctuation spectrum is flat. The resulting curvature perturbation is [26] :
where ρ σ /ρ is defined at the epoch of the σ decay. In addition, as ρ σ ≪ ρ and ρ σ ∝σ 2 , the curvature perturbation P Φ,σ ∝σ 2 and the perturbation of the curvature perturbation is δP Φ,σ ∝ 2δσσ. The power spectrum asymmetry on large scales is then:
where ∆σ/σ = σ a arctan( k · x dec )/Σ ≈ ( k · x dec )/α, and x dec denotes the decoupling in the comoving coordinate. Due to Eq. (8), the asymmetry is scale dependent:
In addition, the small inhomogeneities in the σ field creates perturbations in the CMB through the Grishchuk-Zel'dovich effect [60] . The density fluctuation:
generates a gauge-invariant curvature perturbation [56, 61] , resulting in:
This potential creates temperature fluctuations in the CMB by the (integrated) Sachs-Wolfe (SW) effect [62] and the Doppler effect. The resulting temperature fluctuation is [63] :
where µ =k ·n andn is the observation direction. The dipole contribution vanishes because the SW effect and the ISW effect is canceled by the Doppler shift arising from the potential induced particle velocities, therefore the leading contribution term is quadratic and the observational constraint is from the quadrupole spherical-harmonic coefficient. to an upper boundary in the Power spectrum ratio -Density ratio (PD) parameter space:
As the σ bosons produce non-Gaussian contributions to the density fluctuation by the δσ 2 term in Eq. (20), there is an additional constraint. The non-Gaussian contribution is parameterized by f N L which is defined as:
2 [65] [66] [67] . The Planck mission finds that f N L 0.01% × 10
5
[68], thus the lower boundary in the PD space is:
Lastly, the magnitude of the primordial power spectrum is of the order of P Φ ∼ 1.5 ×10
[69]. Giving a particular symmetry breaking scale η, Eq.(17) yields:
Therefore, we put the constraints from Eq.(23), Eq. (24) , and the relationships due to Eq. (25) into the PD space, see 
VI. SUMMARY AND DISCUSSION
Observations of Cosmic Microwave Background anisotropy suggest that there are "anomalies" in the large scale structures of the CMB. The hemispherical power asymmetry may indicate a possible pre-inflationary origin. In this paper, we have suggested a scenario that a string-like topological defect was created by spontaneous symmetry breaking prior to inflation. This defect then generated a spacial perturbation in a boson field. The amplitude of this perturbation is protected by topology before the defect exits horizon and is frozen by causality after the defect is inflated out of the horizon. Well after inflation, the boson field started to oscillate with the initial perturbation across the observable universe. The created bosons then decayed into radiations before the BBN era.
We have shown that the density perturbation of the bosons can generate the required power asymmetry without producing unwanted multi-poles and non-Gaussianity fluctuations in the CMB. While we consider here a complex scalar field with a U(1) symmetry potential plus a mass term, the underlying mechanism can be general.
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